MBoC | ARTICLE Aberrant caveolin-1-mediated Smad signaling and proliferation identified by analysis of adenine 474 deletion mutation (c.474delA) in patient fibroblasts: a new perspective on the mechanism of pulmonary hypertension ABSTRACT A heterozygous caveolin-1 c.474delA mutation has been identified in a family with heritable pulmonary arterial hypertension (PAH). This frameshift mutation leads to a caveolin-1 protein that contains all known functional domains but has a change in only the final 20 amino acids of the C-terminus. Here we studied how this mutation alters caveolin-1 function, using patient-derived fibroblasts. Transmission electron microscopy showed that fibroblasts carrying the c.474delA mutation form typical caveolae. Expression of mutated caveolin-1 in caveolin-1-null mouse fibroblasts failed to induce formation of caveolae due to retention of the mutated protein in the endoplasmic reticulum. However, coexpression of wild-type caveolin-1 with mutated caveolin-1 restored the ability to form caveolae. Importantly, fibroblasts carrying the mutation showed twofold increase in proliferation rate associated with hyperphosphorylation of Smad1/5/8. This mutation impaired the antiproliferative function of caveolin-1. Inhibition of type I TGFβ receptors ALK1/2/3/6 responsible for phosphorylation of Smad1/5/8 reduced the hyperproliferation seen in c.474delA fibroblasts. These results demonstrate the critical role of the final 20 amino acids of caveolin-1 in modulating fibroblast proliferation by dampening Smad signaling and suggest that augmented Smad signaling and fibroblast hyperproliferation are contributing factors in the pathogenesis of PAH in patients with caveolin-1 c.474delA mutation.
of Cav1 (p.I134fsdelA-X137; Cao et al., 2008) . A heterozygous c.474delA frameshift mutation, which alters the final 20 amino acids (p.P158PfsX22), was identified in multiple members of a family with heritable pulmonary arterial hypertension (PAH; Austin et al., 2012) . It is unclear how the frameshift c.474delA mutation at the C-terminal of Cav1, which alters only the final 20 amino acids but leaves other domains intact, affects the function of caveolae. Because the molecular basis for the disease has not been studied, here we address the signaling abnormalities associated with this mutation, using dermal fibroblasts from the family carrying the c.474delA mutation (Austin et al., 2012) . Studying this mutation might provide clues about the pathogenesis of PAH seen in these patients.
RESULTS
The model in Figure 1A describes specific Cav1 domains and the site of the c.474delA mutation. The resulting frameshift alters the final C-terminal 20 amino acids of Cav1 (Cav1*, Figure 1B ). Genomic sequencing confirmed the presence of Cav1* c.474delA mutation in primary patient fibroblasts from these patients ( Figure 1C ). All patients were heterozygous for the c.474delA mutation, because the juxtaposition of one wild-type (WT) and one mutated sequence led to a double sequencing signal after the deletion. Transmission electron microscopy showed that Cav1* fibroblasts formed caveolae having a normal size distribution (mean diameter 75.3 ± 0.5 nm in control fibroblasts vs. 76.0 ± 0.7 nm in Cav1* fibroblasts); however, their number in Cav1* fibroblasts was half that in controls ( Figure 1D and Supplemental Figure S1 ).
Cav1 mRNA expression was not significantly different between fibroblasts from healthy control subjects and Cav1* patients ( Figure  2A) . Total Cav1 protein level was investigated using an antibody are recruited to caveolae, where they stabilize caveolin oligomers (Kovtun et al., 2015; Nassar and Parat, 2015) . Cavin-1 appears to be especially important because it interacts with caveolin-1, and knockout of cavin-1 leads to loss of caveolae . The caveolar coat is believed to contain ∼150-200 caveolin subunits and 50 cavins, which function cooperatively to establish the caveolae shape (Gambin et al., 2014) .
Cav1 contains an N-terminal cytoplasmic end responsible for oligomerization (amino acids 61-101; Sargiacomo et al., 1995) and a scaffolding domain (amino acids 82-101) responsible for interaction with a number of proteins, including endothelial nitric oxide synthase and transforming growth factor β (TGFβ) receptors (Li et al., 1995; Boscher and Nabi, 2012) . The adjacent stretch of hydrophobic amino acids (102-134) inserts into the plasma membrane (Monier et al., 1995) . The importance of the cytoplasmic C-terminal domain (amino acids 135-178) is less clear. This region appears to be required for interactions of Cav1 oligomers and binding of Cav1 to trans-Golgi membranes during posttranslational modification of the protein before export to the plasma membrane (Schlegel and Lisanti, 2000) . The C-terminus also contains three palmitoylation sites (cysteines 133, 143, and 156) believed to stabilize Cav1 oligomers (Monier et al., 1996) and regulate their membrane association (Bakhshi et al., 2013) .
Several germline and somatic mutations in Cav1 have been identified. A germline homozygous nonsense mutation at position 38 of Cav1 (p.Glu38X) was identified in a patient with Berardinelli-Seip congenital lipodystrophy, which is characterized by the near absence of adipose tissue (Kim et al., 2008) . Hypertriglyceridemia and partial lipodystrophy affecting the upper part of the body were associated with a heterozygous nonsense mutation at position 134 FIGURE 1: Characterization of fibroblasts carrying c.474delA mutation in caveolin-1. (A) Domains of Cav1 and location of the frameshift mutation. The oligomerization domain (residues 61-101), scaffolding domain (82-101), transmembrane domain (residues 102-134), and palmitoylation sites (133, 143, 156) . (B) Amino acid sequence of Cav1*. The one-base deletion of adenine 474 causes a frameshift and changes the final 20 amino acids. (C) Sequencing of Cav1 in WT and Cav1* patient fibroblasts. Arrow indicates loss of adenine 474 due to deletion. The sequence chromatogram confirmed heterozygosity of patient cells. The one-base deletion in Cav1* sequence caused a shift that resulted in juxtaposition of both sequences after the deletion site. (D) Electron microscopy of WT and Cav1* patient fibroblasts showed lower overall number of caveolae in patient fibroblasts. Size distribution of caveolae was similar in both groups. Images were obtained from 17 cells from two different WT cell lines and 18 Cav1* cells from two different patient cell lines. For size distribution, 1140 WT and 689 Cav1* caveolae were analyzed. Scale bar, 5 μm (5000×), 0.5 μm (50,000×). changed due to the frameshift mutation in Cav1*, detected only nonmutated Cav1. In line with the sequencing data, we observed that the patient fibroblasts were heterozygous for c.474delA mutation, as they contained ∼50% nonmutated Cav1 expression compared with WT fibroblasts (Figure 2B , middle). Moreover, the expression of cavin-1 was reduced ( Figure 2C ). Cavin-1 expression correlates with the number of caveolae (Voldstedlund et al., 2003; Hill et al., 2008) ; therefore these results are in accordance with reduced caveolae numbers found by electron microscopy.
We next studied endocytosis of fluorescently labeled cholera toxin subunit B (CtxB). After an acid wash to remove extracellular CtxB, all cells showed colocalization of Cav1 and CtxB ( Figure 3A) , with similar uptake of CtxB in WT and Cav1* fibroblasts ( Figure 3 , B and C). Furthermore, extraction of cholesterol using methyl-β-cyclodextrin (MβCD) reduced the uptake of CtxB by 50% in both control and Cav1* fibroblasts ( Figure  3 , B and D). Caveolae fuse with early endosomes, and CtxB is subsequently transported to the Golgi apparatus (Pelkmans et al., 2004) . To discriminate from clathrin-mediated endocytosis, we also looked at the uptake of CtxB in transferrin receptor (CD71)-positive endosomes. We found a similar uptake of CtxB in the Golgi apparatus of both groups (colocalization with the Golgi marker GM130; Supplemental Figure S2 , A and B), with almost the entire Golgi network stained by CtxB (Supplemental Figure S2C ). In contrast, low levels of endosomal labeling were seen in both groups (Supplemental Figure S2 , D and E).
As a control, we repeated the foregoing experiments in Cav1 −/− fibroblasts obtained from Cav1 −/− mice and found that MβCD treatment of these cells had no significant effect on CtxB uptake (Supplemental Figure  S3A ). Endosomal uptake was increased in Cav1 −/− fibroblasts (Supplemental Figure  S3B ) perhaps as a compensation for the loss of Cav1. These results show that patient Cav1* fibroblasts did not phenocopy Cav1 −/− fibroblasts. Next, to assess the functional significance of the mutant protein in Cav1* fibroblasts, we used fibroblasts from Cav1 −/− mice (Zhao et al., 2009 ) and expressed control human WT Cav1, human Cav1*, or a combination of both to mimic heterozygous patient fibroblasts. Sequencing of constructs after site-specific mutagenesis confirmed the deletion of adenine 474 (Supplemental Figure  S4A ). As shown in Figure 4A , staining for Cav1 in transfected cells demonstrated that Cav1 −/− fibroblasts transfected with Cav1* had a diffuse cytoplasmic staining pattern. In contrast, fibroblasts transfected with WT against the N-terminal in WT Cav1 and Cav1*. We observed no significant change in total Cav1 protein expression in Cav1* fibroblasts ( Figure 2B , top). An antibody against the C-terminal, which is FIGURE 2: Gene and protein expression of Cav-1 and cavin-1 in human fibroblasts. (A) Cav1 gene expression was similar among three fibroblast lines derived from control subjects and three lines derived from Cav1* patients. (B) Total Cav1 protein levels were investigated using an antibody against the N-terminal in WT Cav1 and Cav1*. There was no significant change in total Cav1 protein level in Cav1* fibroblasts. An antibody against the C-terminal, which is changed due to the frameshift mutation in Cav1*, was used to detect nonmutated/WT Cav1. Results indicated that all three patient cells were heterozygous for c.474delA mutation; that is, cells contained ∼50% nonmutated Cav1 expression compared with WT fibroblasts. (C) Cavin1 levels were significantly decreased in Cav1* human fibroblasts.
FIGURE 3: Endocytosis of CtxB. (A) Human fibroblasts were incubated for 30 min with 7.5 μg/ml Alexa 594-labeled CtxB at 37°C in the presence of 0.1 mg/ml BSA, fixed, and stained for Cav1 (green). Similar colocalization and uptake were evident in both control and Cav1* fibroblasts. Scale bar, 10 μm. (B-D) Uptake of CtxB over time is similar in WT and Cav1* human fibroblasts, and cholesterol depletion by 5 mM MβCD similarly reduced CtxB uptake in WT and Cav1* human fibroblasts. For the time course, images from five independent coverslips were obtained for each group, and fluorescence intensities were analyzed by tracing the cell contour (>100 cells/group). For CtxB uptake analysis, images from eight independent coverslips were analyzed for each group (>200 cells/group). Scale bar, 100 μm.
To assess further the intracellular localization of Cav1* cells, we cotransfected Cav1* and endoplasmic reticulum (ER)-targeted DsRed and found that cells expressing only Cav1* showed accumulation of the protein in the ER ( Figure 4B ), which we did not observe in cells expressing WT Cav1 or WT Cav1 in combination with Cav1* (Supplemental Figure S4B ). We also performed experiments using different ratios of WT and mutant Cav1*. We observed a diffuse staining pattern at low levels of WT Cav1 (0-25%). However, as the proportion of WT Cav1 increased relative to Cav1*, we observed distinctly more punctate staining ( Figure 4C ). Moreover, using a Myc-tagged Cav1* construct, we found that Cav1* has a punctate staining pattern in the presence of WT Cav1, suggesting that WT Cav1 rescues the defective diffuse staining phenotype of mutant Cav1* ( Figure 4C ; see Supplemental Figure  S4C for higher-magnification images).
Given the apparent colocalization of WT Cav1 and mutant Cav1*, we next addressed whether there was any direct interaction between the two. For this, we generated two plasmids: WT Cav1 labeled with yellow fluorescent protein (YFP; Zimnicka et al., 2016) and Cav1* labeled with a Myc tag. As shown in Figure 5A , the YFP and Myc tag significantly overlapped, suggesting colocalization of WT and mutant Cav1*. Specificity of the Myc staining was evident by the absence of staining in cells that were only transfected with WT Cav1 ( Figure 5A , bottom). Immunoprecipitation of WT Cav1 pulled down a significant amount of Myclabeled mutant Cav1*, demonstrating that WT and mutant Cav1 indeed interacted ( Figure 5B ). Cav1 molecules normally form oligomers consisting of 14-16 individual proteins , and we found that oligomerization was not impaired in Cav1* fibroblasts, as the ratio of oligomer/monomer was identical between WT and Cav1* human fibroblasts (Supplemental Figure S5A ). We observed a number of functional abnormalities in Cav1* human fibroblasts, with increased proliferation being the most striking. Cav1* fibroblasts proliferated at twofold greater rate than control fibroblasts ( Figure 6A ). In addition, Cav1* human fibroblasts had a modest increase in collagen3A1 expression (Supplemental Figure S5B ) and collagen secretion ( Figure 6B ). Synthesis of matrix metalloproteinase 9 (MMP9) was also increased ( Figure 6C ), suggesting that Cav1* fibroblasts were activated. Because Cav1 is known to suppress fibroblast proliferation (Razani et al., 2001a) , we next addressed whether Cav1* could also inhibit proliferation. Messenger mRNA levels revealed a similar transfection efficiency of Cav1 or fibroblasts having 1:1 WT Cav1 and Cav1* showed a punctate staining pattern ( Figure 4A ) resembling the staining pattern observed in human Cav1* fibroblasts ( Figure 3A ). −/− mice were transfected with either human WT Cav1 or human mutated Cav1*, followed by immunofluorescence analysis. Punctate staining was seen in fibroblasts expressing WT Cav1, whereas the pattern was diffuse after expression of Cav1*. On carrying out double transfection with both plasmids, fibroblasts showed relatively normal punctate staining pattern. 
μm (bottom). (C) Cav1
−/− fibroblasts were transfected with different ratios of WT Cav1 and Myc-tagged Cav1* (total amount of plasmid DNA was kept constant at 1 μg of plasmid DNA/150,000 cells), and the cells were stained with an antibody against Myc (red) and total Cav1 (green). Puncta formation was assessed by measuring the SD of the green fluorescent signal. Diffuse staining was seen in cells expressing only Cav1*, whereas higher expression of WT Cav1 led to a more heterogeneous and punctate staining. We also observed mutant Cav1* in puncta, as shown by yellow staining in cells transfected with a 1:1 ratio of Cav1 and mutant Cav1*. A higher-magnification view is shown in Supplemental Figure S4C . Scale bar, 20 μm. −/− fibroblasts confirmed that mutant Cav1* colocalized with WT Cav1. Cells transfected with YFP served as a negative control, demonstrating the specificity of Myc staining. Scale bar, 20 μm. (B) Immunoprecipitation with antibody against YFP was able to pull down Myc-labeled Cav1*, demonstrating interaction of WT and mutant Cav1*. Nontransfected cells were used as controls to exclude nonspecific bands due to light or heavy chain contamination. PD YFP, pull down of wild type Cav1; PD Myc, pull down of Cav1*.
was responsible for the hyperproliferation seen in Cav1* fibroblasts. We used LDN193189, an inhibitor of these ALK receptors that blocks Smad1/5/8 activation (Cuny et al., 2008) . As shown in Figure 8A , LDN193189 significantly reduced proliferation of Cav1* fibroblasts but not WT cells. In contrast, SB431542, an inhibitor of ALK4/5/7 upstream of Smad2/3, equally reduced proliferation rates in both WT and Cav1* fibroblasts ( Figure 8B ).
DISCUSSION
Our results provide insights into the phenotype of the Cav1 c.474delA mutation of Cav1 at the C-terminus and underlying basis of PAH in these patients. The p.P158PfsX22 frameshift mutation in Cav1 occurred at the final 20 amino acids of the C-terminus, leaving the rest of the protein unaffected, specifically the Cav1 oligomerization domain (residues 61-101), scaffolding domain (82-101), and transmembrane domain (residues 102-134; Li et al., 1995) . In the ER, 14-16 Cav1 proteins oligomerize through their oligomerization domain (residues 61-101; Sargiacomo et al., 1995) . Subsequently, in the Golgi apparatus, several oligomers interact and combine with cholesterol to form detergent-resistant complexes, after which fully formed caveolae are transported to the plasmalemma (Hayer et al., 2010) . Oligomerization in the ER is a prerequisite for successful trafficking of Cav1 to the plasma membrane (Ren et al., 2004) .
We observed that the Cav1* patient fibroblasts formed normal-appearing and -sized caveolae, although their overall number was reduced by half. We found, using Cav1 −/− fibroblasts, that expression of Cav1* alone resulted in the failure of fibroblasts to generate caveolae, and Cav1* was trapped in the endoplasmic reticulum. Supplying WT Cav1 to these cells expressing Cav1* rescued the trafficking defect of Cav1*. We also observed that Cav1* colocalized and interacted with WT Cav1, consistent with the finding that oligomerization appeared normal in human Cav1* fibroblasts. This is likely due to the intact oligomerization domain of Cav1*, which enabled mutant Cav1* to interact normally with WT Cav1. The reason for the reduction in number of caveolae in Cav1* fibroblasts to half of normal values is not clear. One possibility is that the frameshift mutation occurred at the final 20 amino acids of the C-terminus in proximity to palmitoylation sites interfered with formation and stability of caveolae (Schlegel and Lisanti, 2000) .
We used CtxB to study endocytosis. CtxB binds to ganglioside GM1 on the cell membrane (Pang et al., 2004) and is internalized by endocytosis. Several pathways for endocytosis, including clathrin-dependent and -independent pathways, have been described. Among the clathrin-independent pathways are endocytosis mediated by caveolae and the recently described pathway clathrin-independent carriers (CLIC)/glycosylphosphatidyl inositol-anchored proteins-enriched early endosomal compartment (GEEC) pathway. Depending on the cell type and number of caveolae, different routes are used for endocytosis. For example, in both control Cav1 and Cav1* in Cav1 −/− fibroblasts (Supplemental Figure S5C ). We observed, however, that transfection of WT Cav1 decreased fibroblast proliferation by 50%, whereas transfection with Cav1* had no effect ( Figure 6D ).
Because proliferation was markedly increased in fibroblasts from patients carrying the Cav1* mutation ( Figure 6A ), we addressed possible mechanisms. Members of the TGFβ family of receptors interact with Cav1 (Razani et al., 2001b) . In most cases, signaling through these receptors leads to phosphorylation of mothers against decapentaplegic protein (Smad) 2/3 in response to TGFβ and activins, whereas Smad1/5/8 is phosphorylated in response to bone morphogenetic protein (BMP; Horbelt et al., 2012) . At baseline, we observed marked increases in Smad1/5/8 phosphorylation in Cav1* fibroblasts, whereas Smad2/3 phosphorylation was not altered compared with controls ( Figure 7A ), consistent with activation of the BMP pathway. Stimulation with TGFβ increased Smad2/3 phosphorylation to a similar extent in both cell types ( Figure 7B ), confirming that signaling downstream of TGFβ is normal both at baseline and after stimulation. Furthermore, increasing WT Cav1 levels in human Cav1* fibroblasts did not reduce Smad1/5/8 phosphorylation ( Figure 7C ), arguing against Cav1 haploinsufficiency as an explanation for increased Smad1/5/8 phosphorylation.
Because phosphorylation of Smad1/5/8 occurs through activin receptor-like kinase (ALK) 1/2/3/6 (Goumans et al., 2002; Schmierer and Hill, 2007) , we next determined whether ALK1/2/3/6 activity FIGURE 6: Functional characterization of Cav1* fibroblasts. (A) Flow cytometry was used to measure the proliferation rate of human fibroblasts. Cells were incubated with 10 μM thymidine analogue EdU for 1 h, followed by fluorescence staining of cells that incorporated EdU. Cav1* fibroblasts proliferated at a twofold higher rate than control fibroblasts. (B) Collagen secretion was increased by 20% in Cav1* human fibroblasts compared with control fibroblasts. Treatment of cells with TGFβ increased collagen secretion by 30% in control fibroblasts but had minimal effect on Cav1* fibroblasts. (C) Zymography using gelatin showed that Cav1* fibroblasts secreted greater matrix metalloproteinase 9 (MMP9 or gelatinase B) than controls, based on increased gelatinolytic band at 92 kDa in Cav1* fibroblasts vs. controls.
(D) Reintroduction of human WT Cav1 in Cav1
−/− fibroblasts reduced proliferation by 50%, whereas introduction of Cav1* in Cav1 −/− fibroblasts did not alter proliferation. To identify transfected cells, we cotransfected cells with Mito-DsRed plasmid (red fluorescence labeling of mitochondria). Proliferation was measured using Ki67. White arrows point to transfected cells that are not proliferating; yellow arrows point to transfected proliferating cells. Scale bar, 200 μm.
fibroblasts primarily used a clathrin-independent pathway to internalize CtxB. A further complicating factor is that the CLIC/GEEC pathway plays an important role in the uptake of CtxB in fibroblasts (Howes et al., 2010) and this pathway is up-regulated in the absence of caveolae (Chaudhary et al., 2014) . Therefore it is possible that the observed normal CtxB uptake in human Cav1* fibroblasts, despite the reduction in number of caveolae, may be related to compensatory upregulation of the CLIC/GEEC pathway.
Another important difference between Cav1* fibroblasts and WT fibroblasts was the twofold greater proliferation rate of Cav1* fibroblasts. Cav1* mutation was responsible for fibroblast hyperproliferation, because transfection of WT human Cav1 but not human Cav1* into mouse Cav1 −/− fibroblasts reduced fibroblast proliferation. We also investigated the activation of signaling pathways mediating the response. We observed a marked difference between human WT and Cav1* fibroblasts in Smad signaling, as evidenced by increased phosphorylation of Smad1/5/8 in Cav1* fibroblasts. Ligands from the TGFβ family (TGFβ, activins, BMPs) induce the association of two type I receptors (ALK1 to ALK7) with two type II receptors (Schmierer and Hill, 2007) and downstream phosphorylation of Smads 1/2/3/5/8 (Schmierer and Hill, 2007) . The phosphorylated Smads interact with Smad4 to activate gene transcription (Moustakas et al., 2001) . Distinct type I receptors phosphorylate different Smads: ALK1/2/3/6 phosphorylate Smads1/5/8, whereas ALK 4/5/7 phosphorylate Smads2/3 (Goumans et al., 2002; Schmierer and Hill, 2007) . We used LDN193189 to inhibit ALK1/2/3/6 (Cuny et al., 2008) and SB431542 to inhibit ALK4/5/7 (Inman et al., 2002) . Inhibition of ALK1/2/3/6 significantly reduced proliferation of Cav1* fibroblasts compared with control fibroblasts, suggesting that ALK1/2/3/6-mediated Smad1/5/8 phosphorylation was critical in mediating Cav1* fibroblast hyperproliferation. Fibroblast hyperproliferation has been linked to the pathogenesis of PAH (Das et al., 2000) , and, as our findings suggest, it may also be involved in the pathogenesis of PAH associated with c.474delA mutation of Cav1. In summary, our findings provide the first molecular understanding of the c.474delA Cav1 mutation associated with PAH in patients. This mutation in the Cterminus of Cav1 induced Smad1/5/8 hyperphosphorylation and increased fibroblast proliferation. The results highlight an underappreciated role of the final 20 amino acids in the C-terminus of Cav1 in mediating Smad signaling and fibroblast hyperproliferation.
fibroblasts, the majority of CtxB (∼80%) was internalized via a caveolae-dependent pathway; however, cell types with a low level of Cav1 mostly internalized CtxB through the clathrin-dependent pathway (Singh et al., 2003) . Here we discriminated between clathrin-dependent and -independent endocytosis by staining for transferrin receptor CD71 (clathrin-mediated endocytosis; Supplemental Figure S2 ). We found that human WT and Cav1* FIGURE 7: Increased Smad1/5/8 signaling in Cav1* fibroblasts. (A) Immunoblot analysis in control and Cav1* fibroblasts showing Smad1/5/8 hyperphosphorylation and normal Smad2/3 phosphorylation in Cav1* fibroblasts. Proteins were isolated from cells grown in DMEM plus 10%FBS. (B) Stimulation with 10 ng/ml TGFβ for 1 h similarly increased Smad2/3 phosphorylation in both cell types, confirming that signaling downstream of TGFβ is normal both at baseline and after stimulation. (C) To rescue WT Cav1 expression in human Cav1* fibroblasts, we transduced two different human Cav1* fibroblast cell lines at MOI 5, leading to doubling of Cav1 levels. We did not observe a change in phosphorylation of Smad1/5/8 in response to WT Cav1 up-regulation, arguing against haploinsufficiency as an explanation for increased phosphorylation of Cav1* patient fibroblasts.
FIGURE 8: Inhibition of ALK1/2/3/6 specifically reduces proliferation of Cav1* patient fibroblasts. (A) Fibroblasts were treated with LDN193189, an inhibitor of ALK1/2/3/6, for 24 h, and the proliferation rate of fibroblasts was determined. LDN193189 (1 μM) significantly reduced proliferation of Cav1* fibroblasts to the level of WT cells at baseline. In contrast, WT fibroblast proliferation was not altered by LDN193189. (B) Experiments were also made using SB431542, an inhibitor of ALK4/5/7, which induced similar reductions in WT and Cav1* fibroblast proliferation.
Immunoblotting and immunofluorescence
Immunoblotting was performed on proteins isolated using RIPA buffer. Protein concentration was determined using the DC protein assay kit (Bio-Rad, Hercules, CA). Primary antibodies used were against C-terminal Cav1 (Ab32577), N-terminal Cav1 (Ab2910), and Ki67 (Ab16667), all purchased from Abcam (Cambridge, MA), and cavin-1 (18892-1-AP; Rosemont, IL). To confirm equal protein loading, blots were stripped in Restore Western Blot stripping buffer (ThermoFisher Scientific, Rockford, IL) for 10 min and reprobed with anti-β-actin (Sigma-Aldrich). Band intensities were quantified using ImageJ. After background subtraction, ratios were calculated (intensity of caveolin-1 band divided by intensity of corresponding actin band) and normalized to average ratio in the WT group. To assess the ratio of oligomerized Cav1 to free monomer, samples were collected in 2% n-octyl-β-d-glucopyranoside buffer and lysed using sonication before loading on SDS-PAGE gel as previously described (Bakhshi et al., 2013) . For immunofluorescence stainings, cells were fixed with 4% paraformaldehyde and permeabilized with 0.25% Triton X-100 in PBS. After blocking with 2% bovine serum albumin (BSA) in PBS plus 0.05% Tween 20, primary antibodies were applied overnight at 4°C. Matching fluorescently labeled secondary antibodies were applied for 1 h and coverslips were mounted using ProLong Gold antifade mountant containing 4′,6-diamidino-2-phenylindole (Invitrogen). Images were obtained on a LSM710 confocal microscope (Carl Zeiss, Göttingen, Germany) using a 63×/1.4 Oil PlanApochromat objective and a 25-mW argon laser.
Immunoprecipitation
We cloned human Cav1 cDNA into a pcDNA3 vector (Invitrogen) containing an N-terminal Myc-His tag and introduced the c.474delA mutation using site-specific mutagenesis as described earlier. Wildtype, C-terminal, YFP-tagged caveolin-1 was generated as previously described (Chen et al., 2012) . HEK293T cells were transfected with both plasmids, and after 3 d, proteins were isolated according to the Crosslink IP kit protocol (Pierce, Rockford, IL). A total of 1000 μg of proteins was immunoprecipitated using 2 μg of antibodies against either Myc tag (MA1-21316; ThermoFisher Scientific) or GFP/YPF (Ab6556; Abcam). After overnight incubation, proteins were eluted, and an immunoblot against Myc tag was performed.
Transfections
Fibroblasts were transfected with FuGENE HD transfection reagent (Promega, Madison, WI) at a ratio of 2 μg of DNA/8 μl of FuGENE according manufacturer's recommendations. Plasmids used were either pcDNA3vectors containing human Cav1 or p-DsRed2-ER plasmid to fluorescently label endoplasmic reticulum (632409; Clontech, Mountain View, CA).
Lentiviral generation
Human WT caveolin-1 cDNA was cloned into the pLJM1 vector (19319; Addgene) using Nhe1 and EcoR1 restriction enzymes (NEB, Ipswich, MA) using the primers listed in the Supplemental Methods. These restriction enzymes also removed the GFP sequence of pLJM1. Plasmids were transfected together with pMD2.G and psPAX2 plasmids (12259 and 12260; Addgene) into HEK 293T cells to allow for lentiviral production. After 2 and 3 d, supernatant was collected, filtered through a 0.45-μm filter, and concentrated using PEG-it solution (System Biosciences, Palo Alto, CA). For transduction, 4 μg/ml Polybrene was added to the medium (Santa Cruz Biotechnology, Dallas, TX). Viral titers were determined on genomic DNA of fibroblasts 3 d after transduction using primers against the viral RRE element and the UCR111 region of human genomic DNA
MATERIAL AND METHODS

Fibroblast culture
Primary skin fibroblasts from healthy subjects (n = 3) and members of the family carrying the c.474delA mutation in Cav1 (n = 3) were obtained from a punch biopsy as described previously (Austin et al., 2012) . Written informed consent for all studies was obtained according to protocols approved by the institutional review board at Vanderbilt University. Fibroblasts were maintained in culture in DMEM supplemented with 10% fetal bovine serum (FBS), l-glutamine, nonessential amino acids, and penicillin/streptomycin (Life Technologies, Grand Island, NY). For studies using mouse fibroblasts, cells were isolated from tailtip biopsies of newborn Cav1 −/− mice (Zhao et al., 2009) . After trypsinization for 20 min, fibroblasts were cultured in DMEM with 10% FBS, L-glutamine, nonessential amino acids, and penicillin/ streptomycin.
Fibroblast proliferation assay
Proliferation was quantified by determining the incorporation of the thymidine analogue 5-ethynyl-2′-deoxyuridine (EdU) with the Click-It EdU kit according to manufacturer's instructions (Invitrogen, Carlsbad, CA). Cells were incubated with 10 μM EdU for 1 h. Specific ALK-pathway inhibitors LDN193189 (targeting the ALK1/ALK2/ALK3/ALK6 family; Cuny et al., 2008) and SB431542 (targeting the ALK4/ALK5/ALK7 family; Inman et al., 2002) were obtained from Stemcell Technologies (Vancouver, Canada). These agents were incubated with cells for 24 h before EdU administration.
Collagen production and zymography
Collagen production was measured using the QuickZyme BioSciences soluble collagen assay kit (Leiden, Netherlands). Fibroblasts (50,000) were grown for 4 d in six-well plates and washed with phosphate-buffered saline (PBS), and collagen was solubilized by adding 0.5 M acetic acid overnight. Measurements were normalized for total protein content. As positive control, cells were exposed for 4 d to 5 ng/ml recombinant human TGFβ1 (R&D Systems, Minneapolis, MN). For zymography, conditioned medium was loaded on a 10% polyacrylamide gel containing 1% bovine skin gelatin (Sigma Aldrich, St. Louis, MO). Gels were incubated for 48 h and then stained with 1% bromophenol blue; subsequently gels were destained with 1% acetic acid.
Gene expression
Total RNA was extracted using the PureLink Micro-to-midi total RNA isolation kit (Invitrogen). Reverse transcription was performed on 500 ng of RNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad, CA). Quantification was performed on a 7900HT fast real-time PCR system (Applied Biosystems) using FastStart Universal Sybr Green master mix (Roche Applied Science, Indianapolis, IN). Primer sequences used are shown in Supplemental Table S1 . Results were normalized to β2-microglobulin (B2M) and compared with control samples (2 -ΔΔCt method).
Site-specific mutagenesis and sequencing
Human Cav1 was cloned into the pcDNA3 vector, and a c.474delA mutation was introduced using the QuikChange Lightning SiteDirected mutagenesis kit (Agilent, Santa Clara, CA) with specific primers (Supplemental Table S1 ). To confirm the mutation, Sanger sequencing was performed using 3730xl DNA Analyzer (Figure 3 ; Life Technologies).
(Supplemental Table S1 ). The absolute number of infectious units was calculated using a standard provided in the Global UltraRapid Lentiviral Titer Kit (System Biosciences). Fibroblasts were infected at a multiplicity of infection (MOI) 5.
CtxB endocytosis assay
Endocytosis was assessed using CtxB. Cells were labeled with 7.5 μg/ml Alexa 594-labeled CtxB for 15 or 30 min at 37°C in the presence of 0.1 mg/ml BSA. For cholesterol depletion, cells were pretreated with 5 mM MβCD (Sigma-Aldrich) for 30 min before adding CtxB. Excess CtxB at cell surface was removed by acid stripping (30 s with 0.2 M acetic acid, 0.5 M NaCl, pH 2.5). Cells were then fixed with 4% paraformaldehyde, permeabilized with 0.25% Triton X-100, and stained for Cav1. For quantification of CtxB uptake in the Golgi or endosomes, cells were stained with GM130 or CD71 (both from ThermoFisher Scientific), and images were obtained using a Zeiss LSM880 confocal microscope using a Plan-Apochromat 63×/1.40 oil objective. Using ImageJ, the Otsu threshold tool was used to generate a binary image that was used as a mask to select the same region in the CtxB channel. Mean pixel intensity and area were measured for the total cell and the masked region, and percentage uptake in the Golgi was subsequently calculated after subtracting background intensities. Imaging parameters and settings for the generation of binary images were identical for all images. For colocalization analysis, we used Zeiss Zen 2.1 software.
Electron microscopy
Cells were grown on 35-mm dishes, rinsed with prewarmed, serumfree DMEM, and fixed with prewarmed 2.5% glutaraldehyde in DMEM for 30 min. Samples were then washed with PBS, postfixed with 1% osmium tetroxide (in 0.1 M sodium phosphate buffer, pH 7.2-7.4) for 1 h, rinsed with the same buffer, and then dehydrated through an ascending series of ethanols (30-100%). Cell layers were infiltrated for 30 min in a 50/50 mixture of 100% ethanol/ epoxy resin, followed by 100% epoxy resin (LX-112; Ladd Research, Williston, VT), after which they were placed in a 60°C oven for 2 d. Blocks with monolayer cells were thin-sectioned (70-80 nm) using an UCT ultramicrotome (Leica, Buffalo Grove, IL). Resulting sections were stained with uranyl acetate and lead citrate. Digital images were acquired using a JEOL JEM-1220 transmission electron microscope (JEOL, Peabody, MA), equipped with an Erlangshen ES1000W 11 MP charge-coupled device camera (Gatan, Pleasanton, CA). Caveolae number and size were measured using ImageJ.
Statistics
All values are given as mean ± SEM. Intergroup differences were assessed by unpaired Student's t test or analysis of variance with post hoc analysis using Tukey's test when multiple groups were analyzed. Wherever applicable, normality was confirmed with the Kolmogorov-Smirnov test. p < 0.05 was considered statistically significant. Significance is indicated as *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.
